RepA, an initiation protein of R1 plasmid replication, was purified from an Escherichia coli strain overproducing the protein. The purified RepA protein specifically initiated replication in vitro of plasmid DNA bearing the replication origin of R1 plasmid (oriR). The replication, strictly dependent on added RepA protein, was independent of host RNA polymerase but required other host replication functions (DnaB and DnaC proteins, the single-stranded-DNA-binding protein SSB, and DNA gyrase). The replication was also completely dependent on the host DnaA function. In filter binding assays in high salt (0.5 M KCI) conditions, RepA specifically binds to both supercoiled and linear plasmid DNA containing the oriR sequence, whereas it binds to nonspecific DNA in low salt. DNase I-protection studies on a linearized DNA fragment revealed that DnaA protein specifically binds to a 9-base-pair DnaA-recognition sequence ("DnaA box") within oriR only when RepA is bound to the sequence immediately downstream of the DnaA box. These results indicate that initiation of R1 plasmid replication is triggered by interaction of RepA and DnaA proteins with the oriR sequence.
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Initiation of R1 plasmid replication requires the plasmidencoded protein RepA (1, 2) . R1 plasmid is replicated in vitro when supercoiled template DNA is added to a high-speed supernatant (fraction I) of gently lysed, plasmid-free Escherichia coli cells (3) . The replication is sensitive to both chloramphenicol and rifampicin, indicating that ongoing protein synthesis is required (3). Subsequently, it was shown that R1 plasmid is replicated in the absence of protein synthesis if the RepA protein is presynthesized (4) . RepA, identified as a 33-kDa protein in vitro, is cis-acting, being preferentially utilized by the replication origin on the same DNA molecule (1, 5) . However, it activates replication origins in trans when the cis origin is deleted (1) . The oriR sequence, defined in vitro by a trans-complementation assay, is sufficient for initiation ofR1 plasmid replication in vitro. R1 plasmid replication was previously thought to be DnaAindependent because temperature-sensitive dnaA mutations can be integratively suppressed by R1 plasmid (6) or by the closely related plasmid R100 (7) . The significance of a 9-base-pair (bp) DnaA-recognition sequence ("DnaA box") within oriR (8) has not been clear.
Here we report the purification of RepA protein from an overproducing strain. We found that the purified RepA protein specifically bound to the oriR sequence and promoted efficient replication of R1 plasmid in vitro. Replication in this system, specific for the template bearing the oriR sequence, was dependent on the host DnaA function; DnaA protein specifically binds to the DnaA box in oriR in the presence of RepA protein bound to the oriR sequence.
MATERIALS AND METHODS
E. coli Strains and Plasmids. The strains and sources were C600, W3110, and HB101 from laboratory stocks; WM433 (dnaA204) and WM434 (dnaA205) from W. Messer (Max Planck Institute) (9); PC2 (dnaC2) from J. A. Wechsler (Columbia University) (10); FA22 (dnaB) from I. Herskowitz (University of California, San Francisco) (11); JC206 (ssb) from the E. coli genetic stock center (Yale University) (12) ; and X lysogens carrying the temperature-sensitive cI repressor gene cI857, MZ-1 (D. Court, unpublished), from D. Bramhill (Stanford University). The overproducing vector pNT26CII was generously provided by K. Shigesada (Kyoto University) (unpublished) . pMOB45 (1, 13), a 10.5-kbp miniderivative of the runaway replication mutant of R1 plasmid, was primarily used as a template for in vitro reactions. Other plasmids are described in the text and the legend to (14, 15) .
Assay for DNA Replication. The standard reaction mixture (25 ,ul) contained the following components: Hepes-KOH (pH 7.6), 40 mM; KCl, 50 mM; MgCl2, 9 mM; dithiothreitol, 4 mM; creatine phosphate, 40 mM; creatine kinase, 110 ,ug/ml; ATP, 2 mM; GTP, CTP, and UTP, 500 ,uM each; dATP, dGTP, dCTP, and dTTP, 100 ,tM each, with [ RNA polymerase nor concomitant protein synthesis is required, whereas inhibition by nalidixic acid and novobiocin implicated DNA gyrase (data not shown). Analysis of replication intermediates indicated that replication initiates at or near oriR and proceeds unidirectionally (data not shown). Host replication proteins, including DnaB, DnaC, and SSB, are required for the replication, as indicated by the inactivity of extracts prepared from the mutant strains and the recovery of activity by addition of the corresponding purified protein.
On the other hand, protein i, the product of dnaT (18), is not required (Table 2) . Unexpectedly, the fraction II from dnaA mutants dnaA204 and dnaA205 was inert for R1 plasmid replication. Replication was restored when purified DnaA protein was added (Fig. 3) . Only two or three DnaA molecules per template are required to achieve maximal R1 plasmid replication; in contrast, maximal replication of oriC requires 20-40 DnaA molecules per oriC template (8) .
Interaction ofRepA and DnaA with the oriR Sequence. Filter (Fig. 4A) . Protection was detected over nearly 100 bp of sequence downstream of the DnaA box, although less protection was observed over the sequence distal to the box. No protection was detected upstream as far as position 1434. Use of more DNase I in the cleavage reaction revealed the presence of hypersensitive sites within the protected region (Fig. 4B) . Enhanced cleavage was detected between the three blocks of the protected (Fig. 4C ). However, with increased amounts of RepA protein in the presence of a constant amount of DnaA protein, protection of the 9-bp sequence TTATCCACA (positions 1427-1435) and enhanced cleavage at positions 1423, 1424, and 1435 were detected (Fig. 4C) . These results indicate that binding of RepA protein to oriR is required for efficient interaction of DnaA protein with the DnaA box.
DISCUSSION
Replication of R1 plasmid is strictly dependent on the plasmid-encoded protein RepA and the replication origin (oriR) both in vivo and in vitro. In this paper, we report that RepA, purified from an overproducing strain, initiates replication in vitro of R1 plasmid and its derivatives carrying the oriR sequence and that RepA binds specifically to oriR. The replication, requiring host replication functions such as DnaB, DnaC, SSB, and DNA gyrase, was also completely dependent on DnaA function. The requirement for DnaA protein was unexpected, since integrative suppression of dnaA mutations has been reported for R1 plasmid (6) and the closely related IncFII plasmid R100 (7) . This may be explained if R1 plasmid is a composite replicon consisting of a DnaA-and RepA-dependent replicon and a second, dnaAindependent replicon. An alternative explanation is that the residual DnaA activity of dnaA mutant strains permits replication of R1 plasmid but not that of the host chromosome; this is supported by the fact that R1 plasmid replication in vitro requires very small amounts of DnaA protein compared to oriC plasmid. pSC101 (19) , P1, and F (20, 21) plasmids are known to require DnaA function for their replication in vivo. All of these plasmids have one or two DnaA boxes near the origin (2, 8, (22) (23) (24) , which may be significant in the initiation of replication. Titration of DnaA protein in R1 plasmid replication indicated that the amount of DnaA needed for maximal replication (two to three molecules of DnaA protein per oriR template) is considerably smaller than is required for maximal replication oforiC plasmid (20-40 molecules of DnaA protein per oriC template). This may reflect the difference in the number of DnaA boxes in the origin (one in oriR vs. four in oriC). Footprinting analyses indicated that binding of DnaA protein at oriR is very localized; protection of only the 9-bp DnaA-box sequence was detected, in contrast to the protection of a region as large as 250 bp in the case of DnaA-oriC interaction (8) . On the other hand, the RepA protein interacts with oriR over sequences of nearly 90 bp. From these observations, we predict that the formation of an initiation complex at oriR requires only a few DnaA molecules and a large number of RepA molecules. 
